The radiation processes due to electron acceleration are called bremsstrahlung when the Coulomb force of individual ions deflects the electron in electron-ion encounters, and gyro and synchrotron radiation when the centripetal force experienced by a moving electron makes the charged particle gyrate about magnetic field lines.
The radiation from electrons in general helical orbits in a magneto-plasma contains contributions from all radiation mechanisms. Which mechanism dominates depends on various factors, especially the electron energy E = wc 2 /(l -/J 2 )*, the pitch angle <f> between the magnetic field B and the velocity v, the angle of observation 0 between the propagation vector k of plane waves oc exp i(k • r -cot) and B, and the relative magnitude of hi ft > where / p = (eW/»)* is the plasma frequency (N being the particle density) and f B = eB/2nmc is the gyro frequency. When one mechanism clearly dominates, the radiation may properly be described as gyro radiation (E ;> we 2 ), synchrotron radiation (E > mc 2 ) or plasma radiation, which is understood to refer to electromagnetic radiation extracted from Cerenkov plasma waves (v > v P h) through scattering or wave-mode coupling. Bremsstrahlung, while accounting for practically all radiation from thermal plasmas in which/g < f v , is not likely to dominate in the more interesting non-thermal situations. It is not an efficient radiation process for energetic electrons because the faster the electron, the shorter the time spent in each encounter and the longer the mean free path. ' For non-thermal electron distributions, say F(p, r, t), in phase-space and time the intensity of radiation may be far greater than the thermal component. In particular in the case of 'double-humped' distributions, such as may correspond to transient electron streams through an equilibrium background plasma, Cerenkov and gyroresonance radiation may be emitted coherently with the possibility of wave amplification which is limited only by non-linear wave-wave and wave-particle interactions.
The problem then is to relate the observed dynamic radio spectra of intensity and polarization to those emitted at the distant source, with due allowance for the propagation effects in the intervening plasma, and thence to derive the physical conditions at the astrophysical source at the time of emission.
For circumstances in which geometric optics apply the intensity of radiation at given wave mode and frequency along a ray is given by a solution of the equation of radiative transfer
where x = $xds is the optical depth measured back from the observer along the generally curved path, x is the linear absorption coefficient, /x the real refractive index and r\ the volume emissivity. The angle © is the angle between the Poynting vector, along which radiant energy propagates, and k. It is only in isotropic plasma that & = 0; in general tan & = (l/tiXdft/dff). Two of these macroscopic radiation coefficients, /a and x may be combined in the complex refractive index n = kc/co where n -fi + i#, the latter quantity being related to x through x = 2co% cos O/c.
The observed intensity of radiation at a given frequency and wave mode is determined by equation (1) if n and t] are known for the source and intervening plasma. In general circumstances the determination of n and rj may be extremely complicated. An attempt is now made to summarize and sort out the work which has been done to elucidate these quantities.
THE COMPtEX REFRACTIVE INDEX (a) Linear Kinetic Theory
The most general relation for E(co, k) of plane waves that satisfy Maxwell's equations in an anisotropic medium of dielectric tensor e(co, k) and with n = kc/co may be written n x n x E + eE = 0.
(2) When the triple product is expanded this equation yields three linear homogeneous equations for the three components of E ; they are compatible only if the determinant of their coefficients vanishes. Thus, the most general 
where (5 a/? is Kronecker's delta. To obtain n we need to know e. Now, in deriving (2) the current density j in Maxwell's equations was replaced in terms of E through D = E + 4njidt = eE.
Thus, to determine e we need to know j . The latter, for particles (say, electrons) of distribution function F(p, r, t), is given by j(r,0 = *J*v(r,0F(p,r,0d 3 />.
This means that in order to determine » from (3) with e from (4) and j from (5) one has to know the complete description of the motion of the plasma electrons in the electromagnetic field. Now space charge and currents are responsible for the electric and magnetic fields while the electrons (or other charges) in turn respond to the fields through the Lorentz force. This self-consistent field situation is described by a set of equations called the Vlasov 8 equation, where collisions are usually neglected. Analytically, the latter has been solved in its linearized form only; in this perturbation treatment the distribution function and other variables are written in the form
Having derived F x equations (4) and (5) 
(b) The Real Refractive Index
The simplest special case is that of unattenuated waves with the (real) refractive index, fi, derived from linear macroscopic theory; the basic kinetic equations for the latter are obtained as the first and second moments of the linearized Vlasov equation. The dispersion relation thus derived 10 is of the fourth degree in fi 2 . There are therefore four wave modes in a hot plasma. 11 An identification 10 of the four modes, based on their asymptotic behaviour, is illustrated in Figure la . The low-frequency modes are important in astrophysics but not as electromagnetic radiation at radio-astronomy frequencies; their neglect corresponds to neglecting the terms m/M< 1 (where m and M are the electron and ion rest masses respectively) in the dispersion relation. The three remaining high-frequency modes are shown in Figure lb for f B = / / 2 and for an arbitrary angle of propagation, 0.
In general the four wave modes cannot be separated. However, and most usefully for astrophysics, the wave modes can be separately identified provided vth In that approximation and for fi <, 1 the wave modes are the ordinary and extraordinary modes of the magneto-ionic theory for cold plasma; for p 2 > I the wave mode is the longitudinal, electron plasma wave. This electron mode becomes increasingly transverse as [i decreases to unity and terminates along a secondary branch of the extraordinary mode in the region 0 </i < 1.
The propagating regions are [i 2 > 0, i.e. at frequencies above the critical frequency at which [i = 0; at that level a wave is reflected. For fi 2 < 0 the waves are evanescent. At the fi = oo resonance frequency strong absorption occurs and there can be strong wave-particle interaction (cf. Stix, 12 The only attenuation that emerges from macroscopic theory is associated with collisions-coUisional damping (/coi) for plasma waves and spatial absorption (x co i) for electromagnetic waves; the latter is bremsstrahlung absorption. In the field-free case x eo i °c N e Ni/f*T 3 / 2 ; the T-dependence highlights the inefficiency, noted earlier, of this radiation process at high temperatures or energies.
Macroscopic theory cannot show any effects that depend on a particular velocity; specifically it does not yield Landau damping 14 ' 7 of longitudinal plasma waves and gyro-resonance absorption 16 -' of transverse, electromagnetic radiation.
Landau damping, which emerged controversially from linear kinetic theory, has been shown to be Cerenkov absorption. 16 Unlike bremsstrahlung absorption, gyro-resonance absorption increases with T; it also increases with 0 and at 8 = \n inhibits propagation.
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It should be noted that the coefficients of coUisional and non-collisional absorption are additive. Thus, for longitudinal plasma waves y p = y C oi 4-yc and for electromagnetic radiation in the magneto-ionic o and x modes Xo, x = *coi + x« •
Instability and Amplification
If in the derivation of n for non-thermal plasma one obtains solutions in which km < 0 with real co, or, a>i m > 0 with real k, then amplification or growth of the plane waves oc exp i(k • r -cat) is indicated. This interpretation was originally suggested 17 in the first derivation of the dispersion relation for a plasma pervaded by static electric and magnetic fields. However, in such cases it is still necessary to decide from other considerations whether the waves are indeed growing or decaying and whether an instability is 'convective' (identical with wave amplification) or 'nonconvecdve' (when feed-back makes the unstable region self-oscillatory). Criteria have been evolved 18 -M that allow these decisions to be made from the dispersion relation alone.
The absorption coefficient can also be derived independently by a different method using the Einstein transition probabilities and relations for spontaneous emission, stimulated absorption and stimulated emission. In this quantum formulation the absorption coefficient is the algebraic sum of all stimulated transitions between energy levels whose energy difference is kf, where h is Planck's constant. In that case the possibility of amplification 20 '' is unambiguously indicated by x < 0.
However, the quantum treatment and linear kinetic theory suffer from the same limitation: they can give the conditions for the onset of instability and the initial growth rate but they cannot describe its development. A nonlinear approach to this problem is outlined later.
Linear theory, kinetic and quantum, suggests that Cerenkov radiation and gyro radiation can be amplified.
In We may now apply these conditions to a plasma with anisotropic Gaussian dispersion, for which the probability distribution in momentum space is given by (ii) The second instability occurs even in the absence of any streaming motion (p\\° = pj_° = 0) but the random velocities must be anisotropic (7n ^ T x ). Equations (12) and (10) 26-3° in solar-system radio astronomy largely to explain observed high brightness temperatures that cannot plausibly be accounted for by incoherent radiation from thermal, or even non-thermal, plasma.
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THE VOLUME EMISSIVITY
It is only for thermal plasma that a knowledge of np + i% suffices to evaluate the radiation intensity as given by (1). For non-thermal plasma, whether or not amplification occurs, a knowledge of the volume emissivity r\ is also needed.
A general expression 7 for the volume emissivity, which requires only that there be axial symmetry about B 0 and a stationary distribution function, may be written In these equations the directions 0 and x are taken parallel and perpendicular respectively to the projection of the static B" on to a plane perpendicular to k. In the expressions for a. e and a*., /J, refers to the refractive index of the ordinary or extraordinary modes of cold-plasma theory, which is applicable when »th 2 /c 2 < 1. J, is the Bessel function of order s and J,' its derivative with respect to the argument. The X-term results from E e , the J,'-term from E x .
With J = 0 radiation occurs when ^n = 1, i.e. under the Cerenkov condition, when co s _ 0 = k\\V\\ or, »n cos 6 = w P h at resonance. The emissivity Q 0 is that of Cerenkov radiation.
With the integral harmonic number | * | > I the radiation occurs at the frequency f s of equation (10) For an electron in circular orbit (<f> -n/2) and in vacuo (ji = 1) the total emissivity in the two modes reduces to that originally derived by Schott. 33 However, for an electron in helical orbit and in vacuo (ji = 1) the total emissivity from equation (15) is found to be (1 -/Jjf cos 8) times that derived specifically for that case by Takakura, whose result has since been confirmed. 35 It appears that Q, of (15) has been derived with the correct Dopplershifted frequency /" of equation (10) but with the rate of energy flow in the frame of reference of the electron's guiding centre rather than in that of the observer. This suggests that the true electron emissivity (i.e. that defined for a single electron) should be given by the right-hand side of equation (15) divided by the Doppler term (1 -/B||/9||). When, however, one is dealing with an assemblage of electrons whose statistical distributions remain stationary in space relative to the observer, it has been shown 38 ' 38 that the unmodified equation (15) is the correct one to use in conjunction with equation (13) 44 of synchrotron radiation. The physical basis for both effects is perhaps best described as a loss of 'effective relativity' by an electron of velocity v ass c radiating in a medium in which /i < 1, i.e. when
Vp b > C
The effects have been demonstrated 42 ' 43 using an expression for the spectral power of synchrotron radiation in a medium in which f 8 > /" > / B , so that the isotropic refractive index given by /** = 1 -/ p 2 // s 2 is a suitable approximation. The spectral power with the synchrotron approximations in the form 45 s > 1, y x > 1 may be written
where ( (16) for (i = 1 if y x is replaced by y-i.e. the effect of the medium depends only on y x . It should be noted that y 1 , limitless in the vacuum case, is now limited to the value (1 -/^2)~* ^/ s / / p . It is then seen that at frequencies sufficiently low to cause even quite small reductions of fi below unity, the radiation from highly relativistic electrons in the medium is reduced to that of mildly relativistic electrons in vacuo, i.e. to radiation at the low gyro haimonics rather than the high-frequency synchrotron continuum. In essence, this effect is responsible both for the low-frequency cut-off and for the possibility of gyroresonance amplification with highly relativistic particles in a medium.
For electrons in circular orbit, but still in an isotropic medium, Ramaty 45 has illustrated the range of the synchrotron approximation (19) by numerical comparison with the appropriate spectral power derived from the general emissivity of equation (15).
NON-LINEAR THEORY
We noted earlier that linear theory, kinetic or quantum, can describe the onset of instability or amplification but not the evolution of the coherent processes. In particular, linear theory does not lead to stabilization and a limiting amplitude. A knowledge of the latter is needed for meaningful comparison between theory and observation.
Stabilization need not, of course, occur. As, for example, the strongly-interacting, or resonance, particles are removed from an electron stream, the peak-and with it a necessary condition for instability-is removed from the distribution function; instability then ceases. The time for such 'plateau formation' in the case of plasma-wave instability has been given 48 as ~N/N B co p , where N a refers to the stream, N and co p to the background plasma; with 2V=10 8 cm-3 and N 8 /N = 10~4 this time is 1.8 X 10~5 s. If stabilization is to be effective it must occur faster than plateau formation.
Non-linear considerations have been invoked 21 in determining a limiting amplitude for coherent plasma waves. The rates of energy exchange between particles and waves are there governed by electron-ion collisions. In most astrophysical situations these collision intervals are far too long to prevent plateau formation.
More recently kinetic equations have been developed to investigate non-linear interactions in a plasma (cf. Tsytovich 47 ). They are suited to describing the evolution of plasma instabilities with due account of non-linear wave-wave and wave-particle interactions. The relevant interactions are induced scattering and decay, the latter term being used for wave-wave scattering like, for instance, the 'combination scattering' introduced by Ginzburg and Zheleznyakov. 25 The interactions are governed by the laws of conservation of energy and momentum; their probabilities derive from the non-linear plasma current. In addition, each wave involved in any interaction must satisfy the dispersion relation for the relevant wave mode. In general, the non-linear interactions lead to spectral redistribution over the ^-spectrum at a given wave mode and between different wave modes as well as to particle acceleration and heating. If such spectral transfer can remove sufficient growing-wave energy sufficiently quickly, then stabilization occurs.
Again, for plasma-wave amplification the fastest spectral transfer time is estimated 49 then spectral redistribution occurs 10 3 times faster than plateau formation: the latter is thus effectively prevented in this case and the stream retains its identity.
In astrophysical applications limiting amplitudes have been derived 26 -48 for coherent plasma waves but not, as yet, for coherent gyro radiation.
The mathematical formulation of non-linear theory is formidable and only numerical solutions have been obtained.
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